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ABSTRACT
Streaming  plasmodia  of Physarum polycephalum were irradiated  with a microscope-mounted
ruby  laser  and  the resulting  changes  were recorded  by cinemicrography  or  streak  photo-
graphs.  Some  lesions  were  processed  for  electron  microscopy.  By  varying  the  incident
energy,  three  levels  of response  were  detected.  Two transient  responses,  a gelation  briefly
blocking streams and a more severe  gelation with contraction,  changed movement  patterns
but  not  organelle  ultrastructure.  At  higher  energies,  a  permanently  coagulated  lesion
was  rapidly  segregated  from  normal  and  transiently  altered  cytoplasm  by  formation  of
new  membranes.  Within  the  coagulum,  pigment  granules  were  destroyed,  membranes
were  disrupted,  and  cytoplasm  was  flocculent.  Nuclei  and  mitochondria  were  compact
in the center and swollen  in a peripheral  space  left by  contraction  of the  coagulum.
These  changes  are  probably  caused  by  heat  produced  by  the interaction  between  the
laser beam and the pigment  granules of the plasmodium.  Many  of the changes  seem to be
secondary responses  that follow the primary capture  of energy  during irradiation.
Lasers  can  deliver  coherent  monochromatic
light  in  very  short,  high-energy  pulses,  and  their
effects  on animals  and  people  have  been  studied
(cf.  20,  35).  For  microsurgery,  a  laser  beam
focused through  a microscope  can  alter or destroy
a  specific  part  of a  tissue  or  cell  (4-6,  8,  12,  14,
15,  18-20,  24-28,  35).  Dyes  with  specific  absorp-
tion and localization  facilitate differential  destruc-
tion;  for  example,  Janus  green,  a vital  stain  for
mitochondria,  absorbs  the  ruby  laser  wavelength
(2,  3,  25,  32-34).
Alterations  in  structure  and  function  caused
by  laser  irradiation  of  Physarum  polycephalum
are  described  in  this  paper,'  particularly  the
1 Some  of this material  was presented  at a meeting  of
the American Society for Cell Biology (13).
postirradiation  responses  to  this  instantaneous,
localized  injury.
P. polycephalum  was  used  because  its  plasmodia
contain  many  light-absorbing  pigment  granules
and because  alterations  of protoplasmic streaming
immediately  reveal  physiologic  changes  caused
by  irradiation.  For  threshold  and  other  studies,
a  single  plasmodium  is  big  enough  for  many
determinations  or exposures  and continues normal
functions  when  compressed  to  a  standard  thick-
ness. Further, one can see and photograph changes,
then  fix  and  embed  the irradiated  area for  study
with  the electron  microscope.
MATERIALS  AND  METHODS
Plasmodia  of P. polycephalum  (inoculum  furnished  by
Doctors  E.  and  S.  Guttes)  were  grown  on  1  non-
108nutrient  agar  and fed  sterile oatmeal  (9).  Plasmodial
areas about  I cm in diameter,  on a thin layer of agar,
were  observed  and  irradiated  in  water  between
glass  slides  and  cover  slips.  A  TRG  503  Biolaser
(TRG,  Melville,  L.  I.,  New  York),  emitting  at
6,943  A  (ruby),  was  mounted  on a  Leitz  Ortholux
microscope  with  24X  apochromatic  and  45X  and
10X  achromatic  objectives  (Ernst  Leitz  GmbH,
Wetzlar,  Germany).  A  movable  prism reflected  the
laser  beam  through  the  microscope  objective.  In-
cident  energy  was  regulated  by  varying  the  charge
on  the  power  supply  capacitors  and  by  inserting
filters  (Spectracoat  calibrated  interference  filters
for  ruby  laser,  Optics  Technology,  Inc.,  Belmont,
California).  The energy  in pulses  was measured  with
a TRG  101  ballistic calorimeter,  mounted below  the
objective. Reproducibility was evaluated, but  the act-
ual  incident  energy  during  plasmodial  irradiation
could not  be monitored.  The beam diameter  was  es-
timated  by planimetry  of circles  ablated  from  films
of dye  (28)  or  black  ink on glass slides.  Incident  en-
ergy  per unit area  (joules/cm
2) was calculated  by as-
suming  uniform  energy  distribution  over  the  target
area.  However,  the pattern  of ink ablation  indicated
that  the energy  per  unit area  delivered  to the center
of  the focused  spot could be as much  as twice the cal-
culated average  value.  The  length of  pulses  was  de-
termined with  a TRG  108  photo-diode detector  and
a Tcktronix  555 oscilloscope  (Tektronix  Inc., Beaver-
ton, Oregon).
Material  to  be  processed  for  electron  microscopy
was  placed  on  a  thin  agar  plate  and  allowed  to
migrate  until  the  plasmodium  was  extended  in
locomotion.  Water  under  a  supported  cover  slip
improved  the  optics  and  decreased  reflections.
Photographic  or  cine  records  were  made  of  each
irradiation,  and  the  plasmodium  was  rapidly  fixed
in  unbuffered  4  OSO4.  In  tests,  similar  changes
after  irradiation  were  seen  with  osmium  tetroxide,
acrolein,  or  glutaraldehyde  as  primary  fixative.
The  slime  mold  was  fixed  for  2-3  min,  rapidly de-
hydrated  in  ethanol,  passed  through  propylene
oxide  into Araldite,  and  embedded  in  an  open-face
preparation.  Each  embedded  specimen  was  photo-
graphed  at  different focal  depths and  then  sectioned
in  the  plane  of  the  optical  sections.  Thin  sections
for  electron microscopy  were alternated  with thicker
sections,  which  were  stained  with  toluidine  blue
for light microscopy.
RESULTS
Light Microscopic Observations
NORMAL:  The  culture  method  used  main-
tained  P.  polycephalum  as multinucleate  plasmodia
that often  spread  over several  centimeters.  During
migration,  a  broad  advancing  front  was followed
by multiple anastamosing plasmodial  tubes, within
which  rapid  protoplasmic  streaming  occurred  (7,
16,  17).  The  direction  of  streaming  reversed
periodically,  usually  every  30-90  sees,  in  a  char-
acteristic  "shuttle  streaming"  pattern  (1,  16,
17).  Streaming  and  laser  lesions  could  best  be
visualized  in  tubes  somewhat  flattened  by  cover
slips.
EXPERIMENTAL:  More  than  60  irradiations
at  varying  energy  levels  were  observed  and  re-
corded  on  35  mm  film  with  . sec  exposures.
Moving  particles  caused  streaks  in  these  photo-
graphs,  so  streams  could  be  identified  or  located.
In  addition,  motion  pictures  were  made  of  20
episodes.  The  figures  record  and  the  captions
describe  two representative episodes  in detail.
By  using  different  input  energies,  three  levels
of  response  could  be  seen.  (a)  At  the  lowest
energies  causing  a  change,  the  "least  response"
was  an  endoplasmic  gelation  that  diverted  or
blocked  streams  briefly  and  dispersed  within  a
few  seconds  to  a  few  minutes.  The  normal
Brownian  motion  of cytoplasmic  particles  (7,  30)
was  stopped.  (b)  At  higher  energies,  the  "inter-
mediate  response"  was  a  localized  contraction
of part  of the  gelled material  to  produce  a  slowly
reversible,  more  dense,  gelled  region  surrounded
by  rapidly  reversible  gelation.  (c)  At  still  higher
energies,  the "complete  response"  included  forma-
tion  and  segregation  of  an  irreversibly  injured
coagulum,  surrounded  by  adjacent  slowly  re-
versible  and  peripheral  rapidly  reversible  gela-
tion.  The  size  or  thickness  of  each  zone  varied
with  the conditions.
The  morphologic  components  of  a  representa-
tive  complete  lesion  are  listed  below  as  a  brief
preliminary  to  considering  the  chronologic  se-
quence. Zones recognizable with a light microscope
15-30  sec  after  severe  irradiation  were  (from  the
periphery  inward):  (a)  a  normal  zone  in  which
streaming  continued;  (b)  a  rapidly  reversible
gelation  (no  movement);  (c)  a  slowly  reversible
gelation  with  increased  density;  (d)  the  proto-
plasmic  halo  membrane,  the  new external  mem-
brane  of  the  plasmodium;  (e)  the  halo  space
(continuous  with  external  medium);  (f)  the
coagulum  halo  membrane  (surrounding next  two
components  and  extruded with  them  as  a unit);
(g)  a  space  left  by  contraction  of the  coagulum;
and  (h) the central,  irreversibly injured coagulum.
These  morphologic  features  are  illustrated  in
Figs.  1-9.  In  the  first  episode  (Figs.  1-4),  the
J.  L.  GRIFFIN,  M.  N.  STEIN  AND  R.  E.  STOWELL  Laser Effects on Slime Mold  109FIGUREs  1-4  illustrate  sequential  changes  of a plasmodial  tube after an irradiation with the laser micro-
scope.  Photographed  with a 45X  objective,  N.A.  0.65, and  a 5X  ocular  on 35  mm  film.  X  750.  AFIP
Neg. 67-5322-1.
FIGURE  1  4 sec  before  irradiation.  Within the stationary  wall  of the plasmodial tube  (T),  streaks iden-
tify streaming endoplasm  (E).
FIGURE  2  10  sec  after irradiation with 600 joules/cm
2. A central coagulurn  (C),  in  which pigment  gran-
ules were  destroyed,  is  clearly  visible. This  region  proved to be irreversibly  altered.  Peripheral  gelation
(G),  which was reversible,  caused  partial blockage  and diversion of the stream.
FIGURE  3  1 min  after irradiation.  The  central  lesion is  more  clearly  bounded  by  a  surrounding  halo
(H), and appears  to be segregated by membranes.  Some indication  of vesicular structures can be seen just
inside the  halo.  More  than half  of  the peripheral  gelation  (G)  seen  in Fig.  2  is absent;  it  had dispersed
in  the stream.
FIGUIRE  4  1 hr after  irradiation.  Extrusion  of the coagulum  is  nearly  complete,  although  there is  still
some indentation  of  the  tube  wall.  Vesicular  structures  within  the  coagulum  are  clearly  shown.  The
granules  of  the endoplasm  were  almost  stationary  during  a  reversal  of  shuttle  streaming  and  do  not
appear as streaks.
110  THE  JOURNAL  OF  CELL  BIOLOGY  - VOLUME  40,  1969FIGUREs 5-17  are a series of correlated light (Figs. 5-9) and electron (Figs. 10-17) nicrographs  of a single
lesion. AFIP Negs.  67-5322  2-9.
FIGURE  5  A plasmodial  tube of  living slime mold photographed  4 see  before  irradiation. The tube wall
(T) is  stationary,  and  streaks  identify  the  endoplasmic  stream  (E).  X  800.
FIGURE 6  The same area as in Fig. 7, photographed  10 sec after irradiation at 750 joules/cm
2 at 3.7 mega-
watts/cm
2 . The  central  coagulum  (C), a  partially formed  space  (S)  left  by coagulum  contraction,  and
the surrounding halo  (H) with halo  membranes can be  seen.  X  800.
coagulum  was  made  up  of vesicular  units,  each
surrounded  by  its own coagulum  halo membrane.
This is most obvious  in Fig. 4.
The  sequence  of events  after moderately  severe
irradiation  was  as  follows:
1. A  tube  with  normal  rapid  flow  (Figs.  1
and  5)  was  irradiated.  Prism  insertion  blocked
the view for at least  3/  sec  before and after  irradi-
ation.
2.  By  ½1  sec,  (a)  the  pigment  granules  were
gone  in  the center  of the  irradiated  regions;  and
(b)  the  stream  was  blocked  by  gel  (Fig.  2).  At
lower  intensities,  the  zone  of  blockage  would
sometimes broaden or spread for up to 3 sec.
3.  Between  ½/  sec  and  10-15 sec,  (a)  the center
of  the  irradiated  region  contracted  to  form  the
coagulum;  (b)  the  two  halo  membranes  formed
around  the coagulum  so  that  it  was topologically
outside  the  plasmodium  (in  thin  protoplasmic
sheets,  segregation  was  complete  in  1-2  sec);
(c)  outside  the  halo,  the  slowly  reversible  zone
was formed by  a contraction that decreased thick-
ness  of the  zone  by  one-third  to  one-half  and  in-
creased the concentration of pigment granules. The
results  of these  changes  can  be seen  in Figs.  2,  6,
and 7.
4.  By 4  min,  (a)  the rapidly reversible  gelation
had  dispersed  in  the  stream,  leaving  the central
coagulum,  halo,  and  slowly  reversible  gelation
still diverting part of the stream  (Fig.  3);  (b) part
of the  tube, several  times longer than the diameter
of  the  beam,  usually  had  increased  in  diameter
or started  to  increase.
5.  By  30  min,  the  slowly  reversible  gelation
had  dispersed  or  was  indistinguishable  from  the
normal  stationary  ectoplasmic  tube,  so  that  the
stream  was  no  longer  diverted.  The  coagulum
was  usually  extruded  to  the  edge  of  the  tube
(Fig. 4).
6.  By  2  hr,  the  original  diameter  of the  tube
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fixed 45 sec after irradiation  and embedded  in Araldite.
Pigment  granules  are  absent in the coagulum  (C)  and
present  in increased  numbers  just  outside  it.  X  275.
FIGURE  8  Phase-contrast  photomicrograph  taken
before  sectioning,  showing  nuclei  (N)  in the coagulum,
other  constituents  as  an  irregular  background,  and
pigment  granules  concentrated  at  the  periphery  and
absent in the coagulum.  X  800.
was  restored,  and  the  only  indication  of irradia-
tion  was  the  fully  extruded  coagulum  adjacent
to  an  otherwise normal  plasmodial  tube.
Reproducible  correlation  between  calculated
energy  density  and  observed  effects  was  not
achieved.  Threshold  ranges  were:  (a)  rapidly  re-
versible  gelation,  10-100  joules/cm
2 at  50-500
kilowatts/cm
2;  (b)  slowly  reversible  gelation,
30-200  joules/cm
2 at  150-1000  kw/cm
2 ;  (c)  ir-
reversible  coagulation,  60  300  joules/cm
2 at
300-1500  kw/cm
2. These  figures  are  for incident
energy  and  power  density.  Some  preliminary
results  indicated  that  more  than  806/.  of  the
incident  energy  was  transmitted  without  being
absorbed.  Part  of  the  wide  range  of  threshold
probably relates  to biologic  variation, particularly
specimen  thickness  and  the  concentration  of
FIGURE  9  A  photograph  of  a  half-micron  section
stained  with  toluidine  blue.  Note  the  increased  con-
centration  of  inclusions  outside  the  coagulua,  two
halo  membranes,  the  protoplasmic  membrane  (PM)
and the coagulum  membrane  (CM),  and  space  (S)  left
by  contraction  of  the  coagulum.  Three  zones  can  be
identified  by  the  appearance  of  the  nuclei:  a normal
nucleus  (N 1)  outside  the  coagulum  in  the  cytoplasm;
a very pale nucleus  (N 2) at the periphery of  the coagu-
lum;  and  a  dense  nucleus  (N 3) within  the  coagulum.
The rectangle  marks the region  of the coagulum shown
in Fig.  10.  X  800.
112  THE  JOURNAL  OF  CELL  BIOLOGY  VOLUME  40,  1969lFIGURE  10  Survey  electron  micrograph  from  about  the  same  sectioning  depth  as  Fig.  9  (rectangle).
Note  the space  to the  bottom right,  the coagulum  halo membrane  (CM),  the protoplasmic  halo  nem-
brane (PM), the normal appearance  of cytoplasnl  and mitochondria  (Ml)  outside the halo, the increased
density of  mitochondria  (M3)  and the cytoplasm  in the center of the coagulum,  and the swollen and dis-
torted  Ilitoehondria  (M 2) in the  peripheral  space  left  by  contraction  of  the coagulum.  X  6,000.
pigment  granules.  Also,  the  beam  diameter  and
energy distribution across the  beam are difficult  to
determine.  Calculated  thresholds for  ink ablation
(assuming  uniform  energy  distribution)  were
different  for  different  objectives,  and  the  energy
profile within the beam seemed  to change with the
output  energy.  The  three  objectives  used  gave
approximate  beam  diameters  of:  45 X, 
60u; 24X,
120p;  lOX,  250g.
Electron Microscopic Observations
In  preliminary  electron  microscopic  investiga-
tions,  no  clear  difference  could  be  detected
between  areas reversibly  gelled  by irradiation  and
normal  protoplasm.  To  insure  having  distinct
lesions,  further  specimens  for electron  microscopy
were  irradiated  at  energy  densities  greater  than
600 joules/cm
2.
Correlated  light  and  electron  microscopic
observations  of  a  representative  irradiation  are
presented  in  Figs.  5-17.  Similar  features  were
seen  in  eight  other  lesions  processed  for  electron
microscopy.  Fig.  5  shows  the  living  slime  mold
before  irradiation.  By  10  sec  after  irradiation
(Fig. 6),  the coagulum had differentiated  and halo
membranes  had  formed.  The  dark-field  image
(Fig.  7)  of  the  embedded  lesion  shows  pigment
granules  concentrated  in  the  slowly  reversible
zone  and  their  absence  in  the  coagulum.  In
embedded  material  nuclei  can  be  seen  in  the
J.  L.  GRIFFIN,  M.  N.  STEIN  AND  R.  E.  STOWELL  Laser Effects on Slime Mold  113FIGURE  11  At  the edge  of  the  coagulum,  the slowly  reversible  dense  region  (to the left)  is essentially
normal  and contains  pigment  granules  (PG) and  mitochondria  (M 1). Some  of  these  mitochondria  have
a pale matrix and may  be swollen. Note the dense  layer and numerous  vesicles  (V)  under the protoplas-
mic halo membrane  (PM), the coagulum  halo membrane (CM),  vesicles and  distorted mitochondria  (M 2)
within the lesion, and  a  pale  nucleus (N 2). X 8,000.
FIGURE  12  This  region  is  farther  into  the coagulum  than  most  of Fig.  11,  within the coagulum  halo
membrane  (CM).  Included  are a pale peripheral  nucleus  (N 2) and  a  dense  nucleus  (N3)  well  within the
coagulum.  Note  the  background  cytoplasmic  flocculence,  distorted  enlarged  mitochondria  (M 2) at the
periphery, and dense,  compacted mitochondria  (M 3) toward  the center  of the coagulum  (right).  X  8,000.
coagulum  (Fig.  8)  while  nuclei  outside  th>e
coagulum  are obscured by  the numerous  granules
Fig. 9, a Flu survey section,  shows the coagulum
and its surrounding space, the coagulum halo nem-
brane,  and the protoplasmic halo  membrane.  Sec-
tions at  different levels  through the  lesion  showed
that  the coagulum  was  completely  separated  from
the plasmodial  cytoplasm  and  that  the  space  be-
tween  the two halomembranes was continuous with
the external  medium. Streaming  within  the coag-
ulum  recorded  in  some  movies  was  probably  the
movement  of fluid  extruded from the central coag-
ulum during its contraction into a mass  like that in
Fig.  9.  These  streaming  motions  were  not  related
to or connected with the normal streaming outside
the irradiated  area.  Fig.  9  includes normal  nuclei
(N1)  and,  inside  the  coagulum  halo  membrane,
peripheral  pale or rarified  nuclei  (N 2 ) and central
dense nuclei  (N3).
NORMAL:  Control electron  micrographs  from
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from specimens not irradiated seem similar to those
previously  described  (10,  23,  36),  having nuclei,
mitochondria,  vacuoles and vesicles,  pigment gran-
ules,  and  a  faintly  granular  to  filamentous  back-
ground cytoplasm.
RAPIDLY  REVERSIBLE  GELATION:  Thisre-
gion  seemed  unchanged  and  could  not be  distin-
guished  from  control  regions  with  the  electron
microscope.
SLOWLY  REVERSIBLE  GELATION  WITH  IN-
CREASED  OPTICAL  DENSITY:  The  only  dif-
ferences  from  controls  were  an increased  concen-
tration  (most clearly seen in  light micrographs)  of
apparently  normal  inclusions  and  the  presence
near the protoplasmic halo membrane of numerous
large  and  small  vesicles,  estimated  to  contain
somewhat more  membrane  area  than contributed
to the formation of the two halo membranes  (Figs.
10,  11,  15).  These  vesicles,  assumed  to  form  de
novo,  did  not  contain  membrane  fragments  or
vesicles  frequently  seen  in  invaginations  from  the
halo space  (Fig.  10).
The  protoplasmic  halo  membrane  marked  the
line between  two  very different  physical  states,  as
viewed with the electron  microscope. There  was no
gradual  transition  from  normal  to  damaged
cytoplasm.
HALO  MEMBRANES  AND  HALO  SPACE:  No
organelles  were  seen  in  the  halo  space,  although
many  small  vesicles  were  present in  this space  in
some sections  (Figs.  10,  11,  15).  The protoplasmic
halo membrane was underlaid by a relatively dense
microfilamentous  or netlike layer (Figs.  10,  11,  15).
SPACE  LEFT  BY  CONTRACTION  OF  THE
COAGULUM:  This  space  was  generally  electron
lucent  but  contained  some  swollen  and  distorted
mitochondria, pale nuclei, and occasional single or
clumped vesicles  (Figs.  10,  15).  This space  showed
best in sections of thicker  specimens, but its forma-
tion  was  clearly  seen  in  thin  living preparations.
Thus,  although  its dimensions  might  change  dur-
ing  processing,  it does  not  seem  to be  an  artifact.
CENTRAL  COAGULUM:  The  cytoplasm  was
flocculent and  relatively  dense.  No  pigment gran-
ules were  seen.  Membranes  were  broken  and  dis-
FIGURES  13  and  14  Control  micrographs  from  outside  the region  irradiated.  Note  the appearance  of
the background  cytoplasm,  small vesicles,  normal  mitochondria  (M)  with tubular cristae,  and  densities
in the matrix, a pigment  granule (PG) in a  vacuole (Fig.  13),  and a normal  nucleus (Ni)  with a nucleolus,
scattered  densities,  and a filamentous  and finely  granular  nuclear  matrix  (Fig.  14).  X  0,000.
J.  L.  GRIFFIN,  M.  N.  STEIN  AND  R.  E.  STOWELL  Laser Effects on Slime Mold  115FIGURE  15  Electron  micrograph  of  the  region  of the  halo.  The  microfilamentous  layer  (FL) just  be-
neath the protoplasmic  halo  membrane  (PM) is  similar  to material  (not  illustrated)  frequently  under-
lying the normal  external  membrane.  The vesicles present  in the halo space  (HS) between  the two halo
membranes  were  not seen  to contain remnants  of cristae  as  did the  distorted mitochondria  (M 2) inside
the coagululn halo membrane  (CM).  Part of a pale nucleus  ( 2) is included.  X  20,000.
torted,  and many were  no  longer located  at inter-
faces,  as  between  cytoplasm  and  contents  of
vacuoles.  Mitochondria  and nuclei  were dense  and
seemed  somewhat  smaller  than  comparable  nor-
mal  organelles;  no  detailed  measurements
were  made.  The  nucleoplasm  was  flocculent.
Occasional  large  and  smaller  spaces  without
associated  distorted  membranes  were  tentatively
identified  as  spaces  left  by  steam  formation  or
produced  during  contraction  of  the  coagulum
(Figs.  10,  12,  16,  17).
DISCUSSION
In P. polycephalum,  a complex  set of responses  to
laser  radiation  can  be seen  by  light and  electron
microscopy.  These  responses  include  rapidly  and
slowly reversible  gelation, irreversible  coagulation,
and  the  formation  of  membranes.  Irradiation
caused  the  destruction  of  pigment  granules,
flocculation  and  compaction  of  cytoplasm,  and
either  swelling or  increased  density of organelles.
The responses producing  the unique components
making  up  a  complete  lesion  seem  to  be  mostly
secondary  changes,  since  they  occur  shortly  after
irradiation.  Responses  of this  type  include forma-
tion  of  the  halo  membranes,  contraction  of  the
coagulum  leaving  the  coagulum  space  (probably
includes  shrinking  and  swelling  of  organelles),
contraction  of the  slowly  reversible  gelation,  and
the formation  of the  rapidly reversible  gelation.
Some variables that would have  to be controlled
or  determined  before  the  significance  of  the
responses  to  irradiation  could  be  evaluated  in
physical  terms  are:  emitted  pulse  energy;  pulse
length;  area  irradiated;  absorption  coefficients;
the energy profile and path of the beam; reflections
at  plasmodial  interfaces;  and  rates  of  heat  pro-
duction  and  dispersion  (cf.  6,  15,  19,  20,  24-26,
35).
It  is  reasonable  to  suppose  that the  damage  to
the  central coagulum  is  caused  by  heat  produced
during  the  interaction  of  the  laser  beam  with
protoplasmic constituents,  although  lesions  caused
by thermal radio  frequency fields show differences,
particularly  in  membrane  density,  from  those
reported here  (personal observation).  The central,
irreversible  coagulum is probably similar to lesions
that  have  been  produced in  the  eye  (11,  37)  and
116  THE  JOURNAL  OF  CELL  BIOLOGY  - VOLUME  40,  1969FIGURE  16  In the center  of  the  coagulum  are  flocculent  cytoplasm  and  compact  mitochondria  (Ms).
The  space  (S)  may have  been caused  by steam  formation  or separation during  contraction,  as it  seems
to lack membrane  residues,  which  are present  in the space at the upper  left, presumed to  be an altered
cytoplasmic  vacuole  (VS).  X  20,000.
FIGURE  17  In the  central  region  of the  coagulum  is  a dense  central  nucleus  (N3) with  apparent  rup-
ture of the nuclear membrane  (arrows).  X  20,000.
other  tissues  (20,  35).  At present  we do not know
how  much  heat  is  produced  in  Physarum,  how
rapidly  it  is  dispersed,  or  what  the  maximum
temperature  is. Other factors,  such as shock waves,
could also have  some effect (20,  35).
The  slowly  reversible  gelation  seems  quali-
tatively  different  both  from  the  coagulum,  in
which  macromolecules  are  almost  surely  irre-
versibly denatured, and from the rapidly reversible
gelation,  discussed  below.  The  contraction  of
gelled  material  and  the  slow  recovery  suggest,
although  direct  evidence  is  lacking,  that  cyto-
plasmic  proteins  might  be  reversibly  denatured.
The fact  that  the ultrastructure  of organelles  and
membranes was not changed in this region suggests
that  the  contracting  component,  presumably  a
protein  matrix,  has  a  threshold  for  dimensional
change  below  the  threshold  for  detectable  ultra-
structural  changes.
Possible  physical  factors  that  could  induce  the
rapidly reversible  gelation  include  heat and  shock
waves  caused  by  the  absorption  of laser  energy
(20,  35).  Although  protoplasmic  gels  are  more
stable at  higher  temperatures  within  the  range  of
viability,  the stopping  of Brownian motion suggests
an actual change in state and not just an increased
stability.  Reversible  stoppage  of Brownian  motion
has  also  been  seen  in  plasmodia  subjected  to
physical agitation  (7)  or cutting  (30).  Stewart and
Stewart  (30)  called  this  state  type  III  gel,  dis-
tinguished  from  normal  stream  and  tube  by  the
absence  of  Brownian  movement.  The  normal gel
structure  was  studied  with  the  polarizing  micro-
scope by Nakajima  and Allen  (21,  22).  Both tube
and  stream  are  structured  and  birefringent,  but
have  opposite  signs  (different  orientation  of  gel
components).
It  is  evident  that  a  local  reaction  in  the  ir-
radiated  area  prevents  movement.  Current  in-
formation  on  the  ameboid  movement  of  P.
polycephalum  indicates  that  streaming  is caused  by
pressure  gradients  (1,  7,  16,  17,  21,  22,  29,  36).
Since the irradiated  area  was a minute  fraction of
the  plasmodium,  it  is  not  surprising  that  even
severe  irradiation  had only  local  influence  on the
periodic rhythm of shuttle  streaming.
It  seems  probable  that  the  pigment  granules
capture  most  of  the  absorbed  energy.  Nonpig-
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respond  to  laser  energy  levels  that  produced  a
striking  response  in  Physarum. Also,  while  other
inclusions  are present  but distorted  in  the  coagu-
lum,  the  pigment  granules  are  absent  and  must
have  been  destroyed.  Rounds  et  al.  (25)  showed
the importance  of pigment  granules  as  absorbers
of laser energy in tissue culture  cells.
Amy  and  Storb  (2)  and Storb  et al.  (32)  found
that,  after  vital  staining  of  mitochondria  with
Janus  green  B,  ruby  laser  radiation  caused
flocculation  of  the  cytoplasm,  distortion  and
increased  electron  opacity  of  the  regions  ir-
radiated,  and  a  disruption  of  mitochondria.  In
tissue  culture  cells  stained  with Janus  green,  at
high energies and stain concentrations,  Storb et al.
(32)  saw damage  remote from the primary injury.
In  the slime mold we observed  no distant  changes,
except  some  swelling  of  tubes,  probably  a  non-
specific  response  to blockage.
A particularly interesting physiologic  problem is
the  rapid  formation  of the  two  halo  membranes,
which  was complete  within  2-10  sec  after  intense
irradiation.  There  was  no  indication  of infolding
of  external  membranes.  Many  vesicles  and
vacuoles  apparently  formed  de  novo,  and  similar
vacuoles  probably  fused  to  form  the  two  halo
membranes.  Stewart  and Stewart  (31)  concluded
that  vesicles  fuse  to  form  membranes  during
formation  of sclerotia  in  Phyvsarum.  Separation  of
parts  of cells  injured  by laser  was  seen  by  Bessis,
who  made  a  movie  (4)  that  includes  the  loss  of
damaged  parts  of vitally  stained  ciliates,  and  by
Saks  et  al.  (28),  who  saw  pinching  off of proto-
plasmic  drops from irradiated  A.  proteus.
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